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Papaver somniferuma b s t r a c t
Noscapine biosynthesis in opium poppy is thought to occur via N-methylcanadine, which would be
produced through 9-O-methylation of (S)-scoulerine, methylenedioxy bridge formation on
(S)-tetrahydrocolumbamine, and N-methylation of (S)-canadine. Only scoulerine 9-O-methyltrans-
ferase has been functionally characterized. We report the isolation and characterization of a
cytochrome P450 (CYP719A21) from opium poppy that converts (S)-tetrahydrocolumbamine to
(S)-canadine. Recombinant CYP719A21 displayed strict substrate speciﬁcity and high afﬁnity
(Km = 4.63 ± 0.71 lM) for (S)-tetrahydrocolumbamine. Virus-induced gene silencing of CYP719A21
caused a signiﬁcant increase in (S)-tetrahydrocolumbamine accumulation and a corresponding
decrease in the levels of putative downstream intermediates and noscapine in opium poppy plants.
 2013 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Noscapine is an abundant benzylisoquinoline alkaloid (BIA)
with a phthalideisoquinoline backbone ﬁrst isolated from opium
poppy (Papaver somniferum) by the French chemist Charles
Derosne in 1803 [1,2]. Despite its pharmaceutical importance as
a cough suppressant and potential anticancer drug, noscapine bio-
synthesis is not well established. Early radiotracer studies in opium
poppy suggested that the carbon skeleton of noscapine, apart from
the lactonic carbonyl group, is derived from the condensation of
two tyrosine derivatives [3,4]. The lactone carbonyl carbon of nos-
capine was proposed to originate from the N-methyl group of a
1-benzylisoquinoline precursor, similar to the C-8 position in ber-
berine, protopine, and related alkaloids [4]. The protoberberine
alkaloid scoulerine was shown to be an effective precursor of nos-
capine [4,5]. The identiﬁcation of several other secoberbine and
phthalideisoquinoline alkaloids, such as macrantaldehyde, papave-
roxine, and the hemiacetals egenine and narcotinehemiacetal[6–8], led to the proposal that N-methylation of the tetrahydropro-
toberberine alkaloid (S)-canadine facilitated multistep oxidation to
a hemiacetal that was ﬁnally dehydrogenated to the carbonyl car-
bon of noscapine. Beyond scoulerine, only canadine has been incor-
porated empirically into noscapine [9].
The recent isolation and characterization of scoulerine
9-O-methyltransferase (SOMT1) supported the role of (S)-scouler-
ine as a precursor to noscapine [10]. Since noscapine also possesses
the same 2,3-methylenedioxy-9,10-dimethoxy substitution pat-
tern as (S)-canadine, the ﬁrst two steps leading to noscapine from
(S)-scoulerine are potentially identical to those involved in the for-
mation of the common antimicrobial alkaloid berberine [11].
Accordingly, (S)-scoulerine would be 9-O-methylated to yield
(S)-tetrahydrocolumbamine, which would then be converted to
(S)-canadine by the methylenedioxy bridge-forming cytochrome
P450 (CYP) monooxygenase, canadine synthase (Fig. 1)
[10,12,13]. Although CYP enzymes able to convert (S)-tetrahydro-
columbamine to (S)-canadine have been isolated and characterized
from the berberine-producing plant, Japanese goldthread (Coptis
japonica), such an enzyme has not been reported in opium poppy.
Further support for the occurrence of canadine synthase in opium
poppy was recently provided by the suppression of CYP719A21
transcript levels using virus-induced gene silencing (VIGS) [14],
which caused the accumulation of tetrahydrocolumbamine. How-
ever, the biochemical function of the enzyme has not been
established.
Fig. 1. Proposed function of CYP719A21 as canadine synthase in noscapine
biosynthesis. Abbreviations: SOMT, scoulerine 9-O-methyltransferase; CAS, cana-
dine synthase; TNMT, tetrahydroprotoperberine N-methyltransferase. The dashed
arrow represents several uncharacterized reactions.
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been shown to catalyzemany different reactions in benzylisoquino-
line alkaloid biosynthesis, including hydroxylation, C–C or C–Ocoupling, and the formation of methylenedioxy bridges [11]. En-
zymes in CYP80 family catalyze the hydroxylation, intramolecular
C–C phenol coupling, or condensation of 1-benzylisoquinoline sub-
strates [15–17],whereasCYP82 familymembershavebeen reported
to hydroxylate or oxidize benzylisoquinoline alkaloids with proto-
pine and protoberberine backbones [18,19]. Characterized enzymes
in the CYP719 family primarily catalyze the oxidative cyclization of
an ortho-hydroxymethoxy-substituted aromatic ring resulting in
the formation of a methylenedioxy bridge [20]. Canadine synthase
(CYP719A1) from C. japonicawas the ﬁrst CYP719 reported to cata-
lyze the conversion of (S)-tetrahydrocolumbamine to (S)-canadine
[13]. CYP719A2 and CYP719A3 from California poppy (Eschscholzia
californica) convert the related protoberberine alkaloid (S)-cheilan-
thifoline to (S)-stylopine [21], whereas CYP719A13 from Mexican
prickly poppy (Argemone mexicana) displays multifunctional
activity, converting (S)-tetrahydrocolumbamine to (S)-canadine,
(S)-cheilanthifoline to (S)-stylopine, and (S)-scoulerine to
(S)-nandinine while CYP719A14 transformed only (S)-scoulerine
to (S)-cheilanthifoline [22]. Recently, CYP719A23 and CYP719A24
from Podophylum spp. were also reported to catalyze methylenedi-
oxy bridge formation on the non-alkaloid matairesinol in
podophyllotoxin biosynthesis [23]. Although members of the
CYP719A subfamily have beenwidely associatedwith the formation
of berberine and sanguinarine in species such as C. japonica,
A. mexicana, and E. californica, the occurrence of a related enzyme
in opium poppy has not been reported. In this study, CYP719A21
from opium poppy was isolated by comparative transcriptomics
and characterized as a noscapine biosynthetic enzyme.
2. Materials and methods
2.1. Plant material and chemicals
Opium poppy chemotypes Bea’s Choice and Veronica were cul-
tivated as described previously [10]. (S)-Scoulerine was purchased
from Chromadex (Chromadex Inc., Irvine, USA). (S)-Tetrahydrocol-
umbamine was prepared enzymatically from (S)-scoulerine using
puriﬁed SOMT1 [10]. Other alkaloids were obtained as described
previously [10].
2.2. Phylogenetic and gene expression analyses
Amino acid alignments were performed using ClustalW [24]
and a bootstrapped phylogenetic tree was constructed using
Geneious (Biomatters, Newark, NJ). Gene expression analysis was
performed by real-time quantitative PCR (RT-qPCR) using primers
listed in Table S1 as described previously [10].
2.3. Cloning and expression of CYP719A21
CYP719A21 was ampliﬁed from stem cDNA of the opium poppy
chemotype Bea’s Choice using Takara Ex Taq DNA polymerase
(Fisher Scientiﬁc, Ottawa, Canada) and primers listed in Table S1.
For heterologous production of FLAG-tagged CYP719A21, the
amplicon was ligated into the NotI and SpeI restriction site of the
dual plasmid pESC-Leu2d containing cytochrome P450 reductase
(CPR) from opium poppy yielding pESC-Leu2d::CYP719A21/CPR
[19,25]. Yeast harboring pESC-Leu2d::MSH/CPR, which produces
cytochrome P450 reductase (CPR) and methylstylopine hydroxy-
lase [19], was used as a positive control. Yeast harboring pESC-
Leu2d::CPR was used as the negative control.
2.4. Yeast culture, preparation of microsomes and immunoblot
analysis
pESC-Leu2d::CYP719A21/CPR was used to transform the prote-
ase-deﬁcient Saccharomyces cerevisiae strain YPL 154C:Pep4. For
Fig. 2. (A) Content of noscapine and (B) relative abundance of CYP719A21 gene
transcripts in eight chemotypes of opium poppy.
Fig. 3. Heterologous expression of CYP719A21 and catalytic function of the
recombinant enzyme. (A) Saccharomyces cerevisiae harboring pESC-leu2d::CPR
(CPR), pESC-leu2d::CYP719A21/CPR (CPR/CAS), or pESC-leu2d::MSH/CPR (CPR/MSH)
were induced on SC-Leu containing 2% galactose, and CPR, CAS or MSH (CYP82N4)
recombinant proteins were detected using a-FLAG (CYP) and a-c-Myc (CPR)
antibodies. Each lane contained 2 lg of total microsomal proteins. (B) Extracted ion
chromatograms showing the in vitro catalytic activity of cytochrome P450
reductase in combination with CYP719A21 (CPR/CAS) compared with cytochrome
P450 reductase alone (CPR). Incubation of microsomal preparations containing
recombinant CYP719A21 with (S)-tetrahydrocolumbamine (m/z 342) resulted in
the formation of a reaction product atm/z 340. (C) Collision-induced dissociation
conﬁrmed the reaction product at m/z 340 as (S)-canadine. The arrowhead shows
the parent ion.
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2 mL of synthetic complete (SC) medium lacking leucine (SC-Leu)
containing 2% (w/v) glucose. The inoculum was cultured overnight
at 30 C and 250 rpm and subsequently diluted 100-fold in SC-Leu
supplemented with 2% (w/v) glucose and cultured for 16 h. Yeast
was then harvested and sub-cultured for 24 h in SC-Leu containing
2% (w/v) galactose to induce recombinant protein production.
Microsomes were prepared as described previously [26]. Brieﬂy,
yeast cells were lysed for 5 min using a micro-beadbeater (Biospect
Products, Bartlesville, OK) and 500-lm diameter glass beads in
TES-B (0.6 M sorbitol in TE) buffer at half of the maximum instru-
ment speed and subsequently centrifuged at 11000g for 10 min
at 4 C. The supernatant was then transferred to a new tube and
centrifuged at 125000g for 90 min at 4 C. Finally, the pellet
containing microsomes was resuspended with TEG buffer (20%
(v/v) glycerol in TE). Recombinant enzymes were detected by
immunoblot analysis using a-FLAG M2 and a-c-Myc antibodies
(Bioshop, Burlington, Canada) detected with SuperSignal West Pico
Chemiluminescent Substrate (ThermoFisher Scientiﬁc, Rockford,
IL).
2.5. CYP719A21 enzyme assays
Standard enzyme assays were performed at 30 C for 30 min in
200 lL of 100 mM HEPES-NaOH, pH 7.5, containing 5 mg of total
microsomal proteins, 50 lM (S)-tetrahydrocolumbamine and
500 lM NADPH on a gyratory shaker with gentle agitation
(60 rpm). Reactions were stopped by adding 800 lL methanol. A
variety of alkaloids were used to test CYP719A21 substrate speci-
ﬁcity (Table S3). The reaction mixture was extracted twice with
methanol to precipitate and remove proteins. The supernatant
was reduced to dryness and redissolved with appropriate solvent
for LC–MS/MS analysis. Steady-state enzyme kinetics was deter-
mined by varying the concentration of (S)-tetrahydrocolumbamine
between 0 and 200 lM at a ﬁxed concentration of 500 lM NADPH.
Kinetic constants were calculated by ﬁtting initial velocity versussubstrate concentration to the Michaelis–Menten equation using
GraphPad Prism 5.0 (GraphPad Software, San Diego, CA).
2.6. Virus-induced gene silencing (VIGS)
The tobacco rattle virus (TRV) vector system was used to sup-
press transcript levels of CYP719A21 in opium poppy plants using a
unique sequence encompassingpart of the 30-UTRand coding region
(Fig. 4A). The fragment was cloned into pTRV2 and VIGS was per-
formed on Bea’s Choice seedlings as described previously [10]. Inﬁl-
tration with Agrobacterium tumefacienswas conﬁrmed by detecting
the presence of the TRV2 RNA transgene cassette in VIGS-treated
Fig. 4. Virus-induced gene silencing conﬁrms the involvement of CAS in noscapine biosynthesis. (A) Region (grey line) of the CYP719A21 cDNA inserted into the pTRV2 vector
used to suppress CYP719A21 transcript levels. The thick black line represents the coding region, whereas the ﬂanking thin lines indicate non-coding 50 and 30 untranslated
regions. Solid arrows show annealing sites of primers used to amplify cDNA fragments, whereas dotted arrows show annealing sites of primers used for RT-qPCR analysis. (B)
Ethidium bromide-stained agarose gel showing the detection by reverse transcription-PCR of TRV2 transcripts in total RNA extracted from opium poppy plants inﬁltrated
with Agrobacterium tumefaciens cultures harboring pTRV1 and pTRV2 constructs. (C) Relative CAS transcript abundance in control (pTRV2) and silenced (pTRV2-CAS) plants.
(D) Total ion chromatograms showing the major alkaloid proﬁles of control (pTRV2) and CYP719A21-silenced (pTRV2-CAS) plants. (E) Relative abundance of major alkaloids
and other alkaloids affected by the suppression of CAS transcript levels in control (pTRV2) and silenced (pTRV2-CAS) plants. Asterisks represent differences in different
conditions analyzed by unpaired, two-tailed Student t test (P < 0.05).
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multiple cloning site of pTRV2 [27] with glyceraldehyde 3-phos-
phate dehydrogenase (GAPDH) as a positive control (Fig. 4B;
Table S1). Latex samples from inﬁltrated plants were lyophilized,
resuspended in methanol at a concentration of 0.1 lg lL1 and ex-
tracted overnight at 80 C. Transcript analysis of inﬁltrated plants
was performedbyRT-qPCRusing forward and reverse primers listedin Supplemental Table 1, and 1  KAPA SYBR FAST qPCR Kit (Kapa
Biosystems, Boston,MA). The opiumpoppy gene encoding ubiquitin
was used as an endogenous reference and plant lines showing the
highest expression level served as the calibrator for each target gene.
Dissociation curve analysis was used to validate qPCR speciﬁcity.
Relative gene expressiondatawere analyzedusing the 2DDCtmeth-
od [28] based on 54 independent values (i.e. 3 technical replicates
Fig. 5. (A) CYP719A21 transcript levels and (B) noscapine content in different opium
poppy organs. RT-qPCR was performed with cDNA synthesized using total RNA
extracted from each organ. The same tissue was used for RNA and alkaloid
extraction.
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ual plants). Statistical analysis was performed using an unpaired,
two-tailed Student t test in GraphPad Prism 5.0.
2.7. LC–MS/MS
Enzyme assay and VIGS samples were diluted 1:100 and 1:1000,
respectively, with solvent A [10 mM ammonium acetate:acetoni-
trile (95:5)] and analyzed using a 6410 Triple Quadruple LC–MS/
MS (Agilent Technologies, Santa Clara, CA). Liquid chromatography
was carried out using a Poroshell 120 SB C18 column (2.1
 50 mm, 2.7 lm particle size; Agilent Technologies) at a ﬂow rate
of 0.7 mL min1. The column was equilibrated in solvent A and the
following elution conditions were used: (1) enzyme assays – 0 to
6 min 60% solvent B (acetonitrile), 6 to 7 min ramp to 99% solvent
B, 7 to 9 min isocratic at 99% solvent B, and 9 to 13 min ramp to 0%
solvent B; (2) VIGS – 0 to 6 min 60% solvent B, 6 to 9 min ramp to
99% solvent B, 9 to 14 min isocratic at 99% solvent B, and 14 to
18 min ramp to 0% solvent B. Mass spectrometry was performed as
described previously [10]. Compounds were identiﬁed based on
retention times andCID spectra comparedwith authentic standards,
and alkaloid content was calculated as ng alkaloid lg1 dry weight
of latex based on standard quantiﬁcation curves.
3. Results
3.1. Isolation of CYP719 candidates
Opium poppy chemotypes display distinct noscapine-accumu-
lating and noscapine-free phenotypes. Transcriptome databases
for each of eight such chemotypes were mined for CYP719 candi-
dates based on (i) high sequence similarity with previously charac-
terized methylenedioxy bridge-forming CYP719 enzymes, and (ii)
strict correlation between the occurrence of speciﬁc gene tran-
scripts and the accumulation of noscapine in different varieties.
To increase the probability of obtaining the P450 responsible for
methylenedioxy bridge formation in (S)-tetrahydrocolumbamine,
CjCAS (CYP719A1) was used as query to search for homologs. A
candidate that annotated as CYP719A21 was detected in the chem-
otypes Marianne, Natasha, Roxanne, and Veronica, all of which
accumulate high levels of noscapine, but was not detected in the
Deborah, 40, T, and Przemko chemotypes that display only trace
to undetectable levels of noscapine (Fig. 2).
The CYP719A21 cDNA contained an open reading frame of 1461
nucleotides that encodes a protein of 487 amino acids with corre-
sponding molecular mass value of 54.9 kDa. Phylogenetic analysis
in the context of other CYPs from BIA-producing plants showed
that CYP719A21 belongs to the same clade as CYP719As catalyzing
methylenedioxy bridge formation in other plants of the Papavera-
ceae family (Fig. S3A). CYP719A21 shares the highest amino acid
sequence identity with stylopine synthase from A. mexicana
(AmSPS; CYP719A13) (77%) and Papaver somiferum (PsSPS;
CYP719A20) (76%), and also displays 65 and 64% sequence identity
with canadine synthase from C. japonica (CYP719A1) and
Thalictrum ﬂavum (CYP719A4), respectively (Fig. S2). Interestingly,
CYP719A21 also contains a serine (S-374), which is believed to play
a key role in oxygen-activation in CYP719s as opposed to the cor-
responding threonine found in members of the CYP80 and CYP82
families (Fig. S3B). In addition, CYP719A21 also contained the
KPIAPXXXPH motif in the substrate recognition site that is unique
to the CYP719 family (Fig. S3B).
3.2. Expression and characterization of CYP719A21
Immunoblot analysis of microsomal fractions from S. cerevisiae
cultures harboring pESC-leu2d::CYP719A21/CPR using FLAG andc-Myc antibodies conﬁrmed the co-expression of CYP719A21 and
CPR by detection of epitope-tagged recombinant proteins at ex-
pected molecular weights (Fig. 3A). In the presence of NADPH,
CYP719A21 accepted only (S)-tetrahydrocolumbamine (m/z 342)
as a substrate resulting in the formation of a reaction product with
m/z 340 (Fig. 3B). No other BIAs were accepted as substrates
(Table S3). Notably, no reaction products with m/z values 16 mass
units greater than the tested substrate were detected, ruling out
the occurrence of a hydroxylation event. The decreased m/z of
the reaction product by 2 atomic mass units compared with the
m/z of (S)-tetrahydrocolumbamine and the corresponding match
in the collision-induced dissociation (CID) spectrum of with
authentic (R,S)-canadine (Fig. 3C) conﬁrmed formation of an iso-
quinoline ring methylenedioxy bridge.
3.3. Biochemical properties of CYP719A21
CYP719A21 displayed optimal activity in a HEPES-buffered
reaction at pH 7.5 and 30 C. CYP719A21 followed Michaelis–Men-
ten reaction kinetics with a Km of 4.63 ± 0.71 lM, and an estimated
Vmax value of 0.376 ± 0.117 pmol min1 mg1 total protein, and
displayed no signiﬁcant substrate or product inhibition (Fig. S4).
3.4. Physiological role of CYP719A21 in noscapine biosynthesis
CYP719A21 transcript levels were signiﬁcantly reduced in plants
inﬁltrated with A. tumefaciens harbouring the pTRV2-CAS construct
compared with the empty pTRV2 vector control (Fig. 4C). The
levels of major alkaloids including morphine, codeine, reticuline,
thebaine and papaverine were not altered in CYP719A21-silenced
plants compared with controls (Fig. 4D and E). However,
suppression of CYP719A21 transcript levels signiﬁcantly reduced
the accumulation of noscapine (Fig. 4D). CYP719A21-silenced
plants also accumulated signiﬁcantly higher levels of tetrahydro-
columbamine and showed a signiﬁcant reduction in canadine,
N-methylcanadine, narcotoline, and a previously reported secober-
bine intermediate [14] (Fig. 4E). Interestingly, silencing of
CYP719A21 also signiﬁcantly reduced the relative transcript
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tested genes (Fig. S5).
3.5. Expression of CYP719A21 in opium poppy
CYP719A21 transcripts were most abundant in stems although
lower levels were detected in other organs (Fig. 5A). Correspond-
ingly, noscapine was detected in all organs of opium poppy, but
accumulated at the highest levels in the stem (Fig. 5B).
4. Discussion
Differential transcriptome analysis of eight opium poppy chem-
otypes has previously been used to identify scoulerine 9-O-methyl-
transferase (SOMT1) involved in the biosynthesis of noscapine [10].
In this study, the sameapproachhasbeenapplied to the isolationof a
cytochrome P450 cDNA (CYP719A21) responsible for the formation
of a methylenedioxy bridge on (S)-tetrahydrocolumbamine, the
reaction product of SOMT1, yielding (S)-canadine. The formation
ofmethylenedioxybridges is a key step in thebiosynthesis of several
different types of plant natural products. Like BIAs, many lignans
including yatin and podophyllotoxin contain methylenedioxy
bridges linked to aromatic rings [29]. In lignanbiosynthesis,methyl-
enedioxy bridge formation is catalyzed by members of the CYP81
[30] and CYP719 families [23], in contrast to the strict involvement
of only CYP719 members in BIA metabolism. CYP719s participate
widely in benzylisoquinoline biosynthesis through the establish-
ment of methylenedioxy bridges found, ultimately, in numerous
compounds such as berberine and sanguinarine, or via C–C phenol
coupling leading tomorphinanalkaloids in amechanistically related
reaction (Fig. S1). Different CYP719 enzymes have been shown to
introduce methylenedioxy bridges on different protoberberine and
pavine alkaloids in A. mexicana and E. californica, which belong to
the family Papaveraceae [21,22,31], and in C. japonica and T. ﬂavum,
which aremembers of the Ranunculaceae [13,32]. The antimicrobial
alkaloids sanguinarine and berberine are major products in all four
previously investigated species. Theﬁrst characterizedCYP719 from
opium poppy catalyzes C–C phenol coupling on (R)-reticuline yield-
ing thepromorphinan alkaloid salutaridine [33]. Transcript proﬁling
and amino acid analyses showed that CYP719A21 is only expressed
innoscapine-producing chemotypes (Fig. 2) andbelongs to the same
cladewith othermethylenedioxy bridge-forming enzymes (Fig. S3).
CYP719A21 also possesses conserved substrate recognition motifs,
such as the unique substitution of a threoninewith a serine residue,
and an alanine/glycine with a leucine residue (Fig. S3B), so far
reported in a limited number of plants including Zea mays and
Nicotiana tabacum compared with other methylenedioxy bridge
forming CYP719 enzymes [31]. Recombinant CYP719A21 displayed
canadine synthase activity, catalyzing the conversion of (S)-tetrahy-
drocolumbamine to (S)-canadine (Fig. 3). No other tested substrates
were accepted suggesting that the enzyme is highly speciﬁc and
similar toCYP719A1 fromC. japonica [13]. InE. californica, CYP719A5
converts scoulerine to cheilanthifoline, whereas CYP719A2 and
CYP719A3, both annotated as stylopine synthase, catalyze the con-
version of cheilanthifoline to stylopine [21]. In contrast, CYP719A9
fromE. californica converts (R,S)-reticuline to a 1-benzylisoquinoline
alkaloid with a methylenedioxy ring on ring A of the isoquinoline
moiety [31]. Recombinant CYP719A21did not accept (S)-scoulerine,
indicating that othermethylenedioxybridge-forming enzyme(s) are
involved in the biosynthesis of sanguinarine and other modiﬁed
protoberberine alkaloids in opium poppy. We cannot rule out the
possibility that CYP719A21 also functions as stylopine synthase ow-
ing to the unavailability of cheilanthifoline as a potential substrate;
thus, CYP719A21 could participate in the biosynthesis of alkaloids
other than noscapine as shown for A. mexicana CYP719A13, whichhas dual roles in sanguinarine and berberine biosynthesis [22].
CYP719A21 displayed high substrate afﬁnity (Km = 4.63 ± 0.71 lM)
toward (S)-tetrahydrocolumbamine similar to C. japonicaCYP719A1
[13].
The expression proﬁle of CYP719A21 is similar to other con-
ﬁrmed noscapine biosynthetic enzymes, including SOMT1 [10]. In
opium poppy plants suppression of CYP719A21 transcript levels
using VIGS signiﬁcantly reduced the accumulation of noscapine
and the putative biosynthetic pathway intermediatesN-methylcan-
adine, narcotoline, and a secoberbine-like alkaloid [14]. As expected,
tetrahydrocolumbamine levels increased in CYP719A21-silenced
plants. Our VIGS results are in agreement with those reported
previously [14]. The biochemical characterization of CYP719A21
corroborates its role in noscapine biosynthesis, and supports the
proposed involvement of other CYPs clustered with CYP719A21 in
the opium poppy genome [14].
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